A procedure is presented for anisotropic adaptation of inviscid type flow features with CFD simulation using an unstructured grid. The basic grid generation scheme is an existing advancing-front, local-reconnection (AFLR) procedure. This procedure is modified to allow the field point spacing and alignment to vary based on a flow field solution using adaptive grid regeneration. Multiple physically based feature detectors are used to isolate regions in the field which contain physical features of interest. Using pattern recognition techniques, these regions are reduced to groups of simple geometric entities representing the physical features. Features such as expansion or stagnation regions are reduced to singular points. Shock waves and contact discontinuities are reduced to curves. In the adaptive grid regeneration procedure, singular points are treated as adaptive sources which modify the boundary and field point spacing. Curves are treated as embedded boundaries. These embedded dual-sided boundaries provide a framework for generating aligned high-aspect-ratio elements. A description of the procedure is presented along with results for two-dimensional applications with multiple features. The results clearly demonstrate the capability of the overall procedure for CFD applications. And, they indicate that the method can be further developed into a robust and useful procedure.
Introduction
Unstructured grid technology provides a powerful capability for computing complex flow fields about realistic aerospace configurations. The geometric flexibility of the unstructured approach makes it ideally suited for geometrically complex configurations and, when combined with solution adaptation, for complex physics. The full potential of this approach, for many applications, can only be realized when it is truly capable of handling complex geometries and adapting to complex physics in an automatic and efficient manner. Several unstructured grid generation and flow solver procedures with isotropic solution adaptation Copyright E1997 by the American Institute of Aeronautics and Astronautics, Inc. All rights reserved. *Professor, Mechanical Engineering, Department, Senior Member AIAA.
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have been developed and successfully demonstrated for inviscid flow about realistic configurations [1] [2] [3] [4] [5] [6] [7] .
Considerably less work has been done with unstructured anisotropic solution adaptation for inviscid or viscous flow simulations [8] [9] [10] [11] [12] [13] [14] [15] . Many physical features, such as shock waves, contact discontinuities, and shear-layers have property gradients that are primarily aligned in a single direction and can be resolved more efficiently using anisotropic refinement. This is especially critical in three-dimensional applications where high-resolution with isotropic refinement is not practical for realistic configurations. For viscous flow applications, most unstructured procedures have adopted a pseudo-structured type approach within boundary-layer regions. Approaches to solution adaptive anisotropic refinement that have been implemented use predominantly non-aligned high-aspect-ratio elements. While non-aligned elements can provide high levels of accuracy and resolution, they adversely effect the performance of typical CFD solution algorithms. Geometric mesh quality decreases with increasing aspect-ratio. Element angles approaching 180° typically reduce stability and convergence rates, resulting in significantly increased CPU time required. Using an approach wherein anisotropic elements are generated such that they are highly structured and aligned with the flow features offers the advantage of improved resolution without adversely impacting solver performance. This approach has been used successfully for adaptation of viscous wakes 15 . The objective of the present work is to develop procedures for anisotropic solution adaptation using high-quality elements aligned with physical features.
The anisotropic approach used in the present work requires development of methodologies for detecting physical features, sorting the features into spacial groups, recognizing and classifying features within a given group, reducing the groups to representative geometric entities, and utilization of the geometric entities to generate a solution adapted unstructured grid. Detection of physical features can be performed using techniques commonly used for standard h-or r-refinement solution adaptive grid generation. Typically a function based upon solution gradients is used. In the present work, the feature detection is accomplished using previously developed, gradient based, multiple feature detector functions 7, 16 . These functions can be used to identify spacial regions in a flow field which contain physical features of interest. The feature detector functions can be viewed as a data reduction tool which reduces the entire field to a smaller subset of only the most relevant physics (for solution adaptation). These subset regions can be directly sorted into groups using the underlying connectivity of the computational grid. Recognizing and classifying features within a given group is accomplished using a heuristic approach wherein knowledge of the physics (available from the feature detection function) and the local geometry is used to determine what geometric entity or entities (lines and points in 2D) best represents the feature. After classification, the group can be reduced to a representative geometric entity using solution gradient information. For example, a shock wave should be classified as a line in 2D. The actual line can be generated by tracking a maximum solution gradient or iso-value in a manner similar to streamline tracing. The creation of representative geometric entities can be viewed as a final step in an overall data reduction process. In this process the computed solution is reduced to a simple set of geometric entities (points and lines) which best represent the relevant physics. Utilization of these geometric entities within a grid generation procedure can be accomplished by treating them as point and line sources or by including them as embedded boundaries within the computational domain. Using embedded boundaries, alignment with the physical features occurs automatically. It also offers a convenient way to obtain very controlled directional refinement using marching techniques that advance from the embedded boundaries.
The overall concept for the procedure presented in this paper is derived from a previously developed solution adaptive procedure for viscous wakes 15 . In that procedure the features of interest are wakes. Detection and generation of the representative lines is obtained by tracing streamlines within detached viscous regions. The wake lines are then used as embedded boundaries to obtain a solution adapted grid with aligned high-aspect-ratio elements within boundary layers and wake regions. Embedded wake boundaries and the resulting solution adapted grid for a multi-element airfoil case is shown in Figs. 1 and 2 . The viscous wake adaptation procedure can be extended for the present work by incorporating appropriate feature detection and developing pattern recognition processes for inviscid features.
A brief overview of the basic grid generation procedures and details of the solution-adaptation process is presented in this paper. Also presented are example cases for two-dimensional flow fields with multiple features which demonstrate the capabilities of the present approach. 
Overall Solution Adaptive Unstructured Grid Generation Procedure
The overall procedure utilizes solution adaptive grid-regeneration to improve the resolution of a computed solution. The basic steps in the overall process are listed below.
1) Generate a coarse initial grid with resolution sufficient to represent the geometry and at least weakly resolve relevant flow features. 2) Compute an initial solution.
3) Reduce the solution data to geometric entities that represent the relevant physical features in the computed flow field. 4) Include the geometric entities which represent the physical features within the computational domain as embedded boundaries and adaptation point sources.
5) Generate an anisotropic solution adapted grid using high-aspect-ratio elements near the embedded boundaries. 6) As an alternative to step 5, an isotropic solution adapted grid can be generated by treating the embedded boundaries as point sources in step 4. Low-level isotropic refinement can be more effective for generation of the first adapted grid if the initial grid is very coarse. 7) Generate a new solution using the adapted grid. 8) If more resolution is required return to step 3 with the grid and solution from steps 6 and 7.
Feature Detection
For the present approach, a feature detector is required that detects and locates appropriate features in a computed flow field. Multiple or split feature detectors are used to provide flexibility in isolating varying features of differing type and magnitude. Each detector can isolate a particular type of feature. The feature detectors used have been successfully utilized to reduce the flow field to a set of adaptation sources in an isotropic adaptation procedure 7, 16 . The feature detectors used are set to the negative and positive components of a flow property gradient given by
and the magnitude of the gradient in all directions normal to the velocity vector given by
where f 1 , f 2 , and f 3 are the feature detector functions, ρ is any suitable fluid property (density is used for all results presented in this paper), and V is the velocity vector. The feature detectors represent expansions and compressions in the flow direction and shear gradients normal to the flow. Each feature detector is computed at all solution points and treated independently. A lower limit for each is determined statistically and detector values below the limit are zeroed. A given node is flagged as being part of a relevant feature if any of the feature detectors are non-zero. An example of a typical collection of feature nodes and elements is shown in Fig.  3 for a transonic airfoil case. The elements which are shaded contain nodes which have been flagged. The regions identified include upper and lower surface shock waves as well as leading and trailing edge compression and expansion regions. At the completion of the feature detection process the grid nodes identified are flagged and labelled by originating feature detection function or functions. With isotropic adaptation the flagged nodes can be used as is for adaptation point sources (along with a source strength dependent upon the gradient magnitude). In the present anisotropic method, this information is used in the subsequent pattern recognition and geometric representation process.
Fig. 3 Elements and points identified by feature detection for a transonic airfoil case.

Pattern Recognition and Geometric Representation
Pattern recognition is used to determine how to further reduce the previously described feature points to simpler geometric entities. Before starting this process the points identified by feature detection are first grouped into logical sets. A valid group of points is defined to be ones which originate from compatible or the same feature detection function and that are physically connected to one another through the grid connectivity. Isolated groups of small physical size not connected to another or to a boundary are discarded as noise. Rules based upon known physics can be used to split points in overlap regions or remove points which may be generated solely by errors in the solution. For example, expansion points are removed from a group with primarily compression points. After the sets of points are created during this initial grouping process, classification and pattern recognition are then used to reduce them to simple geometric entities.
During classification, each group is dealt with individually and only the points of a given group are used. To classify a group, a regular grid is first imposed on the unstructured elements contained in the group. The row and column size are determined by the element spacing within the group. This regular grid is then colored or marked according to whether or not a cell contains a feature point of the given group. The purpose of the regular grid is solely to assist in classification by pattern recognition.
Extremes of a given group can be found by traversing through the regular grid along columns and rows. Cells are labeled as extremes if they are on the boundary or do not have a marked neighbor cell. Physical information can also be used to help identify extreme cells.
Iso-values or vectors orthogonal to the gradient traverse through extremes in line type features, such as shock waves or contact discontinuities. Once the extreme cells have been identified, a group can be classified and compressed into either a point source, a set of point sources, a line, or a set of lines. The classification of the group is made in the following manner:
1) Compression Point Source (Compression or Stagnation Region)-If the group contains only compression features and it passes a specified fill ratio and a specified shape constraint, then the region is classified as a point source. Compression regions which are entirely subsonic are also classified as a point source. Emeging very weak or poorly resolved shock waves are initially represented as point sources. The point source is specified as the vertex in the group that has the maximum gradient magnitude. 2) Compression Line (Shock Wave) -If the group contains compression features, has supersonic flow, and it contains only two extreme values, the region is compressed to a single line. The line is constructed as a trace from one extreme region to the other extreme region using the tangent to the gradient vector. Both end-points of the trace are found by obtaining the maximum gradient magnitude in both marked regions. 3) Compression Lines (Multiple Shock Waves) -If the group contains compression features, has supersonic flow, and it contains more than two extremes, the region is compressed as a set of lines. Each region on the regular grid marked as an extreme can be represented as a single point by finding the maximum gradient magnitude in the extreme region. All extreme points are tested to determine whether there are ambiguous regions where lines connect. This is done by generating a trace on the unstructured grid which is tangent to the gradient vector until the trace is no longer considered to be valid. A trace is no longer valid if it intersects another trace, enters an element which has been visited by another trace, violates some curvature over a defined set of trace points, or abruptly exits the group. Each ambiguous region can be represented as a single point by computing the regions centroid and searching for a local maximum gradient magnitude. Traces are constructed from each extreme point to other extreme points or to the center of its ambiguous region. 4) Expansion Point Source (Expansion Region) -If the group contains expansion features and it is subsonic, then the region is compressed to a single point source. The source is the maximum gradient magnitude in the group. 5) Expansion Fan -If the group contains expansion features and it is supersonic, then the region is compressed to a fan marked by three point sources.
The first point source is the apex of the fan and is found as the maximum gradient magnitude. The other two points represent each edge of the fan. 
Solution Adaptive Unstructured Grid Generation
The basic unstructured grid generation procedure used in the present work is the existing advancing-front local-reconnection (AFLR) triangular/tetrahedral grid generation procedure. Complete details can be found in Refs. 15, 17 and 18. This procedure is a combination of automatic point creation, advancing-normal point placement, advancing-front point placement and connectivity optimization schemes. A valid grid is maintained throughout the grid generation process. This provides a framework for implementing efficient local search operations using a simple data structure. It also provides a means for smoothly distributing the desired point spacing in the field using a point distribution function. This function is propagated through the field by interpolation from the boundary point spacing or by a specified growth normal to the boundaries. Points are generated using either advancing-front type placement for isotropic elements or advancing-normal type point placement for high-aspect ratio elements. The connectivity for new points is initially obtained from direct subdivision and then improved by iteratively using local-reconnection subject to a quality criterion. A min-max type (minimize the maximum angle) criterion is used. The overall procedure is applied repetitively until a complete field grid is obtained.
For the present work, the capability to generate high-aspect-ratio elements, utilize embedded boundaries, and include point sources are essential. The use of these features is identical to that for the viscous wake adaptation procedure. Details of the implementation of these features is given in Ref. 19 . The lines representing physical features (from pattern recognition and geometric representation process) are included in the computational domain as embedded boundaries. As such they can be used to advance from in a very controlled manner and generate aligned high-aspect-ratio elements. Point sources are also included in the computational domain for localized isotropic refinement. The normal spacing to the lines and point sources is set proportional to the local gradient magnitude in the solution. Lines representing features must be discretized prior to using them as embedded boundaries within the grid generation process. The lines are discretized just as any other boundary curve. Typically, desired tangential point spacing is specified at the end points. With the present procedure the grid that is generated is adapted to the solution with high-aspect-ratio elements aligned with the physical features.
Application Examples
Two-dimensional application examples are presented to demonstrate the overall procedures. The flow field solutions presented here were obtained using an explicit finite-element solver 7, 20 . This solver uses a second-order accurate spacial discretization obtained from a Taylor-Galerkin weighted residual approximation. The solution is advanced in time using an explicit two-step Lax-Wendroff scheme. The present adaptive procedure could be used with most any unstructured CFD solver for compressible flow. For each case, an initial coarse grid and solution was obtained. One low-level solution adapted grid was then obtained from the initial coarse solution using isotropic adaptation. As relatively coarse initial grids were used, the anisotropic refinement at the first level offers no advantage. High-aspect-ratios are inappropriate in this case as the shock locations may vary considerably with refinement. In all cases, the initial grid resolution was sufficient to detect all relevant features. As is true with any adaptive procedure, the initial coarse grid must be sufficient to at least weakly resolve all features of interest. A feature not identified in the initial grid may never be resolved. The present approach with multiple feature detectors minimizes this problem by allowing features of varying type and magnitude to be identified. Using the isotropic adapted grid and solution, two more anisotropic solution adapted grids and solutions were obtained. As the resolution of the flow field is improved with adaptation, the aspect ratio of the anisotropic elements was allowed to increase along with a decrease in minimum point spacing.
Transonic Airfoil
The first case presented is for inviscid flow over a NACA0012 airfoil with a free stream Mach number of 0.8 and an angle of attack of 1.25_. The initial grid, isotropic adapted grid, and final two anisotropic adapted grids are shown in Fig. 5 . For the last grid the maximum aspect-ratio in the adapted regions was about 100:1. Computed pressure contours for this case are shown in Fig. 6 and pressure coefficient distributions are shown in Fig. 7 . For this case there is a relatively strong upper surface shock and a weak lower surface shock. The feature detectors were able to identify the weak lower surface shock starting with a low resolution solution. The final anisotropic grid provides very good resolution for all of the flow field features. An equivalent resolution adapted grid obtained using point sources (from the same feature lines) for isotropic refinement contains 108,610 points compared to 6,655 points for the anisotropic case.
Supersonic Converging Duct
The next case presented is for inviscid supersonic flow through a converging duct with an inlet Mach number of 3. The initial grid, isotropic adapted grid, and final two anisotropic adapted grids are shown in Fig. 8 . For the last grid the maximum aspect-ratio in the adapted regions was about 200:1. Computed pressure contours 1,426, 1,889, 3 ,904, and 6,655 points, respectively, for transonic airfoil.
for this case are shown in Fig. 9 . For this case there are two intersecting shock waves. This structure was correctly identified by the feature detection process as multiple shock waves with a geometric representation of four lines that intersect at a point. The final anisotropic grid provides a very well resolved solution. An equivalent resolution adapted grid obtained using point sources (from the same feature lines) for isotropic refinement contains 431,977 points compared to 9,219 points for the anisotropic case.
Supersonic Double Ramp
The final case presented is for inviscid supersonic flow over a double ramp with 10_ and 24_ ramps and a free stream Mach number of 3. The initial grid, isotropic adapted grid, and final two anisotropic adapted grids are shown in Fig. 10 . For the last grid the maximum aspect-ratio in the adapted regions was about 25:1. Computed density contours for this case are shown in Fig. 11 . Computed Mach number distributions are shown in Fig. 12 along two different horizontal lines. For this case there are two shock waves that intersect and result in a single outer shock wave and contact discontinuity. This structure was correctly identified by the feature detection process as multiple shock waves and a contact discontinuity with a geometric representation of four lines that intersect at a point. Also, the feature detection process was able to identify all of the features, which vary significantly in magnitude, starting with a low-resolution solution. The final anisotropic grid provides a very well resolved solution for all of the relevant features. An equivalent resolution adapted grid obtained using point sources (from the same feature lines) for isotropic refinement contains 77,554 points compared to 10,030 points for the anisotropic case.
Performance Improvements
There are few key areas where the present procedure could be improved upon for efficiency and usefulness. At present, the entire grid is regenerated and there is no enforced coupling between an adapted grid and the previous grid. For efficiency, the existing grid could be locally de-refined and locally regenerated in regions with embedded boundaries. R-refinement (point movement) could also be used to realign the feature lines and eliminate or reduce further regeneration. These improvements would significantly benefit an unsteady application.
Three-Dimensional Extension
The most demanding future research issue for the present methodology is extension to three-dimensions. Many of the procedures used in the overall method can readily be extended to three-dimensions. Feature detection, feature grouping, along with embedded surfaces and point sources within the grid generation process have been or are readily extendable to three-dimensions. However, a serious effort is required to develop a working 3D extension for pattern recognition and extraction of surfaces from feature points. While a 3D extension is unproven, surface extraction may be possible using networks of lines generated much like those in 2D.
Summary
A procedure has been presented for anisotropic adaptation of inviscid type flow features with CFD simulation using an unstructured grid. Multiple physically based feature detectors were used to isolate regions in the field which contain physical features of interest. Using pattern recognition techniques, these regions were reduced to groups of simple geometric entities (points and lines) representing the physical features. These lines were treated as embedded dual-sided boundaries which provided a framework for generating aligned high-aspect-ratio elements. Results presented demonstrate that the present feature detection, pattern recognition and classification procedures can automatically reduce a flow field to a set of simple geometric entities. The results also demonstrate that these entities can be utilized in generation of an anisotropic adapted grid for improving the resolution of a computed flow field. 
